The fabrication of high-performance plasmonic nanomaterials for bio-sensing and trace chemical detection is a field of intense theoretical and experimental research. The use of metal-silicon nanopillar arrays as analytical sensors has been reported with reasonable results in recent years. The use of bio-inspired nanocomposite structures that follow the Fibonacci numerical architecture offers the opportunity to develop nanostructures with theoretically higher and more reproducible plasmonic fields over extended areas. The work presented here describes the nanofabrication process for a series of 40 mm Â 40 mm bio-inspired arrays classified as asymmetric fractals (sunflower seeds and romanesco broccoli), bilaterally symmetric (acacia leaves and honeycombs), and radially symmetric (such as orchids and lily flowers) using electron beam lithography. In addition, analytical capabilities were evaluated using surface-enhanced Raman scattering (SERS). The substrate characterization and SERS performance of the developed substrates as the strategies to assess the design performance are presented and discussed.
Introduction
Nanoparticle plasmonics is a rapidly emerging research field that deals with the fabrication and optical characterization of noble metal nanoparticles for chemical sensing applications. The increased demand for ultra-trace detection and the need to monitor and control bioactive species and emerging pollutants using plasmonic sensor development is of significant importance. Consequently, there is a continuous demand to manufacture new, more sophisticated, plasmonic nanostructures whose responses exceed those of traditional substrates. Over the years, there has been a growing scientific consensus on the assessment of the substrate viability for surface-enhanced Raman scattering (SERS) applications. [1] [2] [3] [4] [5] From a substrate perspective, the performance of nanostructured systems is highly dependent on inter-particle properties: morphology, [6] [7] [8] [9] [10] [11] aspect ratio, [12] [13] [14] [15] height 16, 17 and gap. 18, 19 From a physicochemical perspective, plasmonic signals depend on the dielectric properties at the sample/metal interface. 20 Studies on nanolithographically constructed metal dimers have shown that the localized surface plasmons (LSPs) of particles smaller than the excitation wavelength will red shift exponentially with decreasing inter-particle separation. 21 Research conducted by Jain and El Sayed 21 has recently led to the proposition that the fractional shift of the plasmon wavelength decreases with inter-particle separation. Their research also revealed that, for simple dielectric systems, the sensitivity could be adjusted by size scaling the corresponding size/length ratios. However, the available information for more complex systems with such dense metal Some benefits of bulk MNs are their relatively low fabrication costs, and their tunability by either changes in substrate composition or by adjusting simple deposition parameters such as deposition rate, temperature and pressure. Conversely, the combination of EBL-engineered substrates with existing electro-thermal and chemical vapor deposition methods provides a rapid, more sensitive, easily controlled and reproducible route to the creation of SERS active MNs with virtually unlimited geometries, sizes and packing densities. This enables the tailoring of the substrate's performance and its optical properties. In addition, a number of high-throughput EBL systems are currently under development, [30] [31] [32] which would allow the rapid commercialization and mass-scale production of nanolithographic-MNs, thus considerably lowering fabrication time and costs. The ability to tailor MNs' morphology through either controlling the deposition parameters, EBL or a combination of both offers two major opportunities: (1) enabling the optimization of the Raman excitation frequency without other spectral interferences such as background fluorescence; (2) nanostructuring of the polymeric surface to improve selectivity toward a specific target or class of compounds (e.g., antimicrobials, peptides, proteins, etc.) Nanocomposite SERS sensors are an emerging technology that is important in biophysics, 33, 34 environmental [35] [36] [37] and soft material 38 studies due to their unique capabilities for gathering large amounts of both structural and conformational information on drugs 39 and bioactive systems 40, 41 in quasi-real-time. Metalized nanostructures also provide connectivity sites due to the extended areas of their nanoscale components, which is particularly useful for the monitoring of bioactive processes.
Nature offers a diverse number of functional surfaces that are the end result of millions of years of evolutionary adaptation to extreme conditions, and whose properties are unrivaled by most modern synthetic materials. The capabilities and use of bio-inspired materials in several areas like medicine, 42, 43 drug delivery, 44 environmental remediation 45 and as an alternative to catalysis remediation 46 have been studied over the past decade. From the scientific point of view, systems that follow natural arrays associated with the Fibonacci sequences and golden ratio have been studied as suitable prospects for plasmonic applications. [47] [48] [49] [50] In their early stages, such bio-inspired designs have set the mathematical basis for the engineering of more sophisticated sequences, but without the direct measurement of their spectroscopic responses. 
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The information and results support the idea that complex periodical systems can lead to improved plasmonic responses that can be influenced by the properties of the noble metal, the density of the array and inter-particle density. [56] [57] [58] Use of bio-inspired designs can potentially aid the search for viable plasmonic morphologies. This work uses biomimetic techniques for the nanolithographic construction, characterization and performance testing of nanostructures inspired by successful evolutionary-based patterns of fractals of spirals (sunflower seeds and romanesco broccoli); bilaterally symmetric (acacia leaves and honeycomb) and radially symmetric (orchids and lily flowers) with the potential to exhibit highly intense and reproducible plasmonic fields over extended areas of complex periodicity. The developed designs consist of 40 mm Â 40 mm nano-arrays with 150-120 nm particle size and 50 nm minimum inter-particle gap. These benchmark dimensions are based on previous studies performed by our group, which showed improved SERS responses for metal nanoparticles (MNPs) with an aspect ratio of three. 9, 59 For instance, the first generation of arrays are elliptical prisms, 150 nm long to 50 nm wide, in a ratio in which the longest axis aligned with the polarization vector of laser source produces the most intense radiation scattering. 28, 60 Likewise, larger particle sizes and densities have been explored; 60 and although proven to be SERS active, their enhancement is yet far from that suggested for denser arrays with potential inter-particle coupling. 28, 61 Finally, ZEP-520A (Zeon Chemicals L.P.) was selected as the standard EBL photoresist since it was currently validated at the EBL facility to enable reproducible nanofabrication at the 50 nm threshold of the LSP responses. Fabrication was focused toward constructing a unit cell of each bio-inspired design, for which its plasmonic responses can be replicated over an extended area of 40 mm by 40 mm. This allows for a suitable and cost-effective dimensionality for this proof-ofconcept design. It also provides enough surface area to test and validate the SERS responses and quantitative loading of each array. The patterns were selected to address an intriguing area of SERS research that can lead to an empirical answer whether local asymmetry or quasi-periodic nanoparticle distribution is required to construct high-performance SERS substrates. The driving hypothesis of this work is that MNs of bio-inspired morphologies have the potential to explore more effectively plasmonic morphological space, thus raising a faster, more effective creation of substrates with tailored plasmonic responses. As a result, nine bio-inspired patterns were chosen and classified as: bilaterally symmetric, radially symmetric and asymmetric according to the periodicity and symmetries of their arrays ( Figure 1) . Characterization of the array fabrication process was conducted via scanning electron microscopy (SEM), while an assessment of the plasmonic capabilities of each pattern was determined based on an analysis of the SERS enhancement factor at different excitation wavelengths. Studies conducted at 632.8 nm show Raman enhancement factors greater than 10 7 for the acacia leaf, sunflower and lily patterns. Substrate characterization and SERS performance of the developed substrates as strategies for improving design performance are presented. The applicability of the developed substrates for routine trace analysis of bioactive agents is discussed.
Experimental

Fabrication of the bio-inspired designs
All bio-inspired nanoparticles, dimensions and inter-particle gaps per array, were designed using AutoCAD (Autodesk, Inc.) version 2005 (Table 1) . For each design, each array had dimensions of 40 mm Â 40 mm with 100 mm separation. Conversion of each file to GDSII stream format was necessary before files were transferred to the EBL instrument.
All patterns were made on 4 inch silicon wafers that were spun coated with ZEP-520A photoresist at 6000 rev/s for 45 s to obtain an estimated 300 nm thick coat. All wafers were soft-baked at 180 C for 2 min. The nanofabrication step was conducted on a JEOL JBX-9300 EBL system (JEOL USA) equipped with a field emission gun that applied a base dose of 275 mC/cm. The proximity correction method was used to avoid possible electron scattering due the small gap between particles. Once exposed, patterns were developed by immersing of the wafer in xylene for 30 s and then rinsing with isopropyl alcohol (IPA).
Developed wafers were de-scummed and coated with a 10 nm chromium layer prior been etched in an Oxford Reactive Ion Etching (RIE) system (Oxford Instruments Industrial Analysis). Pattern liftoff was performed using NMP-1165 (Shipley Company) as stripping solvent since it showed adequate chromium removal for all patterns. Wafers were rinsed with acetone and IPA and then etched for 75 s. After the etching process was completed, each wafer was coated with a 10 nm silicon dioxide layer using a plasma enhanced vapor deposition system.
Characterization was made using a Zeiss model Merlin SEM (Carl Zeiss) using a field emission gun at 3.0 kVA, and 20-315 k magnification. All micrographs were collected in lens mode at a 30 tilt angle for more efficient measurement of pattern dimensions.
Fabricated substrates were rendered SERS active by applying 20 nm of silver (99.999% Alfa Aesar, Ward Hill, Massachusetts) using a physical vapor deposition system at a 3.7 Å /s rate and a pressure of 1 Â 10 À6 torr. Once coated, substrates were stored under vacuum until analysis. Substrate performance was assessed using benzenethiol (BT) and 4-aminobenzenethiol (4-ABT) as Raman reference materials. To accomplish this, substrates were immersed for 5 min in a 1.00 Â 10 À4 M aqueous solutions of the corresponding Raman reference material in order to form a self-assembled monolayer (SAM). Coated substrates were subsequently rinsed to remove any excess (unbound) standard and dried with nitrogen (99.99%, Linde Co.). Raman spectral acquisitions were made at three excitation wavelengths: 532, 632.8 and 785 nm. The 632.8 nm studies were made on a confocal Raman microscope (LabRAM, Horiba Co.). Spectra were also collected using an infinity corrected 50 Â objective and a spectral window from 100 cm À1 to 3000 cm À1 using 1 s acquisition time with 2.30 mW irradiation power. Data were then processed using Horiba's LabSpec 4.2 software. The 532 nm and 785 nm experiments were conducted in a confocal Renishaw microspectrometer, model RM-2000 (Renishaw Inc.). Spectra were collected with an incident power of 3.70 mW, and 3.89 mW respectively and 1s acquisition time. Previous studies using PDMS often show significant thermolytic and photolytic degradation of the analytes at laser powers greater than 4mW and irradiation times greater than 5 s. 16, 27, 62, 63 Therefore, power levels were kept below 4.0 mW to 
Results and discussion
Substrate characterization
Biomaterials are the result of millions of years of evolutionary adaptation resulting in sophisticated designs with outstanding mechanical, self-cleaning, optical, adhesive, actuation, sensing and responsive capabilities. As a result, nature offers a diverse number of functional surfaces, whose properties are unrivaled by most modern synthetic materials. 64 These properties arise from hierarchical self-organization and optimization, for which asymmetric, bilateral or radially symmetric particle distributions, from the nano to the micro and macro scales, determine the functionality and performance of the material. For instance, like many natural materials, the functionality of plasmonic substrates is accomplished through a tailored synergy between particle geometry, surface nanostructuring (roughness) and chemical properties.
Previous work conducted by de Jesús, et al. using biomimetic honeycombs, acacia leaves and acacia pinnate metalized patterns have shown over three times improvement in the Raman signals of rhodamine 6G (R6-G) with respect to those from standard polydimethylsiloxane (PDMS) substrates. 28 The substrates have also shown potential for the detection of antimicrobial agents and carboxylic acids at the 1 Â 10 À6 to 1 Â 10 À8 M range. Recent collaborations with the Center for Nanophase Materials Sciences (CNMS) at Oak Ridge National Laboratory have allowed our team to extend the list of bio-inspired designs to include other naturally occurring patterns with potential applications in plasmonics, such as Fibonacci arrangements like sunflower seeds and romanesco broccoli (asymmetric); acacia leaves and honeycombs (bilaterally symmetric); and rhodonea-like flowers such as daisies and lilies (radially symmetric) as prospects for SERS applications. Thus, using the underlying principles developed by nature as a nanofabrication benchmark allows a more efficient sampling of the substrate's morphological space, while expediting the identification of highperformance plasmonic patterns. Original computer-aided design (CAD) generated patterns were rendered with a 50 nm inter-particle separation for eight out of the nine patterns. The sunflower pattern's closest gap was defined as 150 nm in order to preserve its Fibonacci ratio. Figure 2 shows micrographs with well-defined morphologies for seven of the nine bio-inspired patterns. Only the breadfruit and romanesco broccoli patterns exhibited poor inter-particle definition per unit cell. The result can be related to low electron beam dose with respect to the pattern density, resulting in underdeveloped structures. However, considering the various shapes and densities of the constructed nanoarrays, a low intensity dose proved to be the most reasonable tradeoff for the precise fabrication of at least seven of the nine patterns. According to the SEM analyses after the RIE step, the inter-particle gap fluctuated in the range 25 to 43 nm for the highly dense arrays (orchid, Asian Lilium, acacia leaf and pinnate), while the mean gap of the sunflower array was at the 145-195 nm range, in reasonable agreement with the expected gap. A 75 s RIE resulted in pillars with a height within the 212-260 nm range for a total of three measurements (n ¼ 3), please refer to Table 2 . Romanesco and breadfruit arrays, which have the highest number of different elements, showed the lowest aspect ratios, mainly affected by the poor development of the nano-structures. The dielectric properties of bare Si substrates do not provide a good dielectric environment for localized surface plasmon excitation. To improve the dielectric properties of the etched surface, a thin layer of silicon dioxide (SiO 2 ) was employed. 65 Previous studies with less dense arrays reported 20 nm as the benchmark SiO 2 film thickness to coat the constructed nano-structures. 17 However, the increased particle density and small gaps exhibited by a number of the bio-inspired patterns employed, plus the additional 20 nm Ag coating needed to render the array SERS active, required a thinner SiO 2 coating of 10 nm. This prevented the coalescence of metalized particles. Such a task demands a precise and highly accurate deposition protocol able to substantially reduce shadowing effects. The selected method must allow for a highly conformal coating of the SiO 2 layer over the etched surface. From the two available methods at the CNMS (atomic layer deposition (ALD) and phase vapor deposition (PVD)), ALD has proven to be the more effective and practical means to gain the specified coating and thickness control. 66 Once the SiO 2 layer was in place, the final 20 nm of silver film was added to render the substrate SERS active. The coated surface was characterized via SEM to assess whether substrates retained the expected pattern definition. The collected micrographs show that the particles retained the expected resolution upon the completion of the surface coating procedure. Combining the ZEP-520A photoresist with a low base dose for lithographic fabrication has proven to be the most effective strategy for the concurrent fabrication of pattern arrays with a broad range of densities. Minor adjustments of the inter-particle gap for the breadfruit and honeycomb arrays combined with a higher e-beam dose can compensate for the initial under-development of these patterns.
Surface-enhanced Raman scattering studies
This work was focused on the design, fabrication and optimization of nine conceptual MNs devised according to bioinspired morphologies (Figure 1) . The goal in this study was to use these patterns as points of reference to single out the morphological differences in relation to the arrays' ability to excite LSPs at 532 nm, 632.8 nm and 785 nm. Surfaceenhanced Raman scattering performance of the developed nanostructures was assessed using 4-ABT and BT as standard reference materials to monitor the Raman responses at each wavelength and for the height optimization of the MNs due to their self-assembly properties. 67 To accomplish this, each pattern was immersed for 15 min in a 0.1 mM solution of the respective standard to ensure proper monolayer coverage and rinsed in deionized water. Characteristic Raman spectra and bands for assignments for each standard are presented in Figure 3 and Table 3 . This includes the characteristic 1050 cm À1 C-S stretching band. The 1500 cm À1 aromatic C-C stretching and the 1100 cm
À1
C-H bending and stretching modes are also observed. Enhancement of the Raman responses for each design pattern was assessed by calculating the 4-ABT and BT SERS Enhancement Factor (EF) at each excitation wavelength (Eq. 1).
where I vol and I surf represent the analytical signal of the neat and a SAM of the reference material on the different nanocomposites. The standard operating procedure for signal normalization and EF calculation, particularly the number of molecules present in the sample volume (N vol ), is readily available in the literature. 60 Similarly, the numerical density of molecules present at the surface (N surf ) was determined by calculating the total surface area, for instance an ellipsoid, for the elliptical patterns (acacia leaf, sunflower, acacia pinnate, orchid and Asian Lilium). The top area was empirically calculated using the average length and width of a particle based on using the SEM images (Figure 2 ). Pattern heights were determined based on the thickness of the silver layer deposited on each substrate, accounting for the amount of deposited silver. The calculated surface area was multiplied by the number of particles at the diameter of the laser spot (5 mm for 532 nm; 11 mm for 632.8 nm; and 12 mm for 785nm) respectively. For the arrays whose basic unit cells are irregular (honeycomb, romanesco, Lilium ovary and breadfruit), measurement of the individual dimensions of each particle is not practical. The average perimeter and the surface area of the most frequent pattern observed in the particles provided an estimate of the average surface area. According to the EF data in Figure 4 and Table 4 , the 632.8 nm laser source showed the highest EF values for eight of the bio-inspired arrays. However, the patterns with ellipsoid units show the best results over the nonelliptical patterns. The sunflower array with the less dense pattern was the most promising array of all, with EF of 6.8 Â 10 8 (632.8 nm) and 1.6 Â 10 8 (785 nm). Enhancement factor values for this substrate demonstrated its versatility to be used with compounds that cannot be excited with high energy sources, and to exhibit a good analytical response. The 50 nm nanoparticle separation implies that each pillar exhibits an individual plasmon that can be optimized to specific wavelengths. This presents an interesting situation because the effect on the EF is not dependent exclusively on the packing density, and results are more dependent on the morphology of the particles. 68 The other two asymmetric nanocomposites show modest EF values. According to the SEM micrographs, the complexity of the breadfruit array resulted in a poor development of the substrate EF value (2.5 Â 10 7 ). Radially symmetric substrates followed a similar behavior, with the orchid and the Asian Lilium showing the two highest signal intensities. The EF values, however, reflect a better enhancement for the orchid array. In addition, the orchid array was the best of the evaluated substrates at 532 nm with an order of magnitude greater than the other patterns. This shows a trend in which patterns with higher density packaging (orchid and Asian) prove to be more effective when used with higher energy sources. The complex Lilium ovary nanocomposite was still the less effective substrate. The complex and diverse morphology of the ovary array apparently did not contribute to the production of highly efficient substrates. Finally, for the bilaterally symmetric patterns, the acacia leaf is the bio-inspired pattern with the highest EF at 632.8 nm, but showed a substantial decrease at the two other excitation wavelengths. Acacia pinnate demonstrated a similar response at 632.8 nm and 785 nm wavelengths. The honeycomb substrate showed poor intensity, which demonstrated the under-development of their structures as described for the fabrication process and observed on the SEM images.
Evaluation of the substrate was done by the normalization of the different EFs by the total area of each substrate, in order to get a deeper insight into the patterns' activities. The surface area was determined using the experimental dimensions measured. The results presented on Table 5 demonstrate that the substrates with the smaller surface area in each category have the highest EF, which correlates with the results presented in Figure 4 . In addition, the sunflower and orchid substrates show EF values with almost three times the intensity with one-third of the surface area compared with the rest of the substrates for the highest power source (632.8 nm and 785 nm).
The results also present additional information that the efficiency of the substrate is related to the formation of Si pillars and to the increase in packing density. Previous work on orchid, pinnate, Asian and acacia leaf arrays were carried out without the use of the RIE process and using less dense arrays, in which the orchids were basically aligned in rows. 28 At that time, leaf and pinnate patterns were demonstrated to have better analytical responses over orchid patterns. This demonstrates that a denser array with increased pillar height improves substrate performance.
Pillar height study
The influence of the nanocomposite structures' height has been analyzed and studied for over a decade, due to their influence on the EF of the substrates. 69 Research studies performed by Li et al., 70 on silicon dioxide 3D cavity nanoantennas coated with gold, demonstrate the effect that pillar height has on the EF of the substrates, showing that coupling the substrate backplane with the pillar results in an increase in SERS signal. This effect was determined to be dependent on both height and gap. Simulation studies showed that the Localized Surface Plasmon Resonance (LSPR) can be further enhanced by systematically changing the height of the pillar nanostructure in relation to that of uniform substrates. 71 A recent study performed using silicon nanowires showed that such an enhancement is limited up to the point of light trapping, where signal quenching occurs. 13 Consequently, a pillar height study was performed to assess its effect on the SERS performance of the bioinspired substrates.
From the previous study, only the substrates with the highest EF and Raman intensities from their classes were selected to conduct peak height analyses. Based on the above findings the selected arrays were the sunflower, Asian Lilium, acacia leaf and the orchid (also used as a pattern marker). Asian Lilium was chosen because it has the fourth highest EF and, when considering the possible improvement in the analytical signal with a variation of pillar height, this makes this array an interesting alternative. Scanning electron microscopy results for the corresponding patterns are summarized in Figure 5 and Table 6 . According to the table and figure, changes in etching time resulted in pillars ranging from 53 nm to 596 nm. A SERS analysis of the six different pillars heights ( Figure 6 ) demonstrates that the sunflower array exhibited the highest response for five of the six pillars heights. The EF value for the pillars with the lowest height for this array showed an acceptable response but not at the same level as the results observed for the other heights for the sunflower. Orchid pillars also show good response intensity for pillars in the 120-275 nm range. Like the sunflower, the lowest pillars did not show the same response. Quenching of the SERS signal could be caused by the result of a decreased morphology after silver deposition. This could lead to a continuous surface in which the polarization of the substrate is not favored in the same ways as the pillar height increase. The Asian Lilium array did not show a remarkable improvement of the EF values with respect to the first study. The optimum pillar height for this array is close to 195 nm. The acacia leaf substrate showed the best EF results for the lowest pillar height (&56 nm), which was not expected based on the behavior of the other three nanostructures. The aligned orientation of the ellipses in this type of substrate may induce the formation of several hot spots, and its effect is enhanced by the surface of the Si-Ag wafer. All of the EF reported were the average for almost 422 scans acquired over each 40 mm Â 40 mm array. Evaluation of the points in which each substrate presents the highest response signal in the 1560 cm À1 region was considered. The average band area for this signal (n ¼ 3) was reported and the corresponding EF calculated and compared with the average EF calculated at each height ( Figure 6 ). The EF values at the highest intensity points are in the order of 10 9 for the sunflower and orchid patterns. Meanwhile, the Asian and acacia patterns showed EFs one order of magnitude lower than those of the former two arrays. Reproducibility of the measured highest intensity spots were measured for all of the arrays at this point.
Percentage RSD values (%RSD) demonstrate acceptable results with values that range between 8-10% for the sunflower, orchid and acacia arrays. Asian Lilium variability is close to 24% at the optimum height (195 nm) and 7% at heights close to 275 nm. It is important to clarify that small variations of the substrates' morphological gaps and heights could lead to dramatic changes in the analytical signal. The four bio-inspired patterns seem to be a promising alternative for Raman applications for pharmaceutical and environmental applications.
Conclusions
Most of the bio-inspired nanocomposites were successfully fabricated, showing high effectiveness of the EBL technique in the fabrication of nano complex arrangements. The optical capabilities of these substrates were also evaluated. Analysis of the nine proposed arrays demonstrated better performance when a 632.8 nm laser source was used. Acacia leaf, Asian Lilium, sunflower and orchid substrates resulted in the most prominent substrates with EFs in the range 9.3 Â 10 6 to 1.7 Â 10 9 . The optimum pillar heights for most of the bio-inspired nanocomposites were in the range 159-195 nm. In addition, sunflower and orchid patterns were demonstrated to be the most promising substrates for laboratory-controlled analysis. In addition, both substrates showed an acceptable analytical response to lower energy laser sources. This proves the tuning capability that these substrates can have, and their use with chemical species that may be thermally unstable, thus allowing their detection by SERS.
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